A highly sensitive, rapid and economical differential pulse polarographic method was developed for the simultaneous determination of trace amounts of zinc and manganese in commercial sodium salts, mineral water, human hair and environmental waste liquid and solid samples. Ammonium tetraphenylborate-microcrystalline naphthalene coprecipitate, loaded in a plastic syringe-type cartridge (i.d. 10 mm, length 100 mm), was used as a column for the preconcentration of zinc and manganese as their 2-(2-pyridylazo)-5-diethylaminophenolates. The retention was quantitative in the pH range 7.5 -11.0 and 9.0 -11.5 for Zn and Mn, respectively. Preconcentration factors of 50 and 75 were obtained at a flow rate of 10 ml/min for zinc and manganese, respectively. The detection limits were 300 ng for Zn and 500 ng for Mn in 10 ml of the final solution at signal-to-noise ratio of 3. Various parameters were studied and the developed analytical methodology was validated by analyzing NIES certified reference materials such as human hair, chlorella and tea leaves.
Introduction
ICP-AES, ICP-MS, GF-AAS and NAA are well-recognized methods for elemental analysis. 1, 2 However, the major drawback of these techniques is that they have limited access due to high instrumentation and operation cost as well as instrumental complexity. It is also rare that these techniques are totally interference free. 3, 4 Even if the analyte response depends on the absolute quantities, as in the case of ET-AAS, in reality, it is actually concentration limited because the maximum amount of sample introduced, itself is fixed. Therefore, the separation and concentration steps become an integral part of any proposed analytical method. Solvent extraction is a most widely used method for separation and concentration of trace levels of metal ions. However, it is relatively time consuming (long standing time for phase separation and multiple steps needed for quantitative extraction), troublesome (formation of emulsion on shaking) and it involves hazardous and costly solvents. 5 A number of solid-phase extraction (SPE) methods have been reported in the literature which utilizes various materials, such as ion-exchange resin, functionally modified polymers and C18-glass beads as adsorbents. [6] [7] [8] [9] Although, these methods result in better recovery and an excellent preconcentration factor, the slow sorption and desorption process, and a tedious procedure for preparing the adsorbents make these methods troublesome and time-consuming. Therefore, from economy and simplicity point of view, a conventional determination method with an improved analytical procedure, which can match the modern analytical instruments in terms of its specificity and sensitivity, would find many applications in common laboratories.
A survey of the literature reveals that zinc and manganese may be determined by polarographic method directly from the organic phase after extraction of their complexes into organic solvents. [10] [11] [12] [13] Unfortunately, electrochemical methods for the direct determination of reducible substances require that the solvent used should have a fairly high dielectric constant in order to obtain well-defined polarogram. Therefore, the organic phase after extraction has to be mixed with a solvent of high dielectric constant.
Thus, the sensitivity and the preconcentration factor are considerably lowered. The method is also time consuming, since pure nitrogen gas has to be purged for 10 -15 min to remove dissolved oxygen from the organic phase, which may also result in partial evaporation of the organic solvent and effect the reproducibility of the method. Although desorptive stripping voltammetry methods may be sensitive, the reproducibility of these methods depends on the rigid control of temperature, pH, reagent concentration, surface area of the working electrode and the rate of formation of film on the electrode. 14, 15 This paper describes a simple, rapid, sensitive, selective and economical method for the direct differential-pulse polarographic (DPP) determination of trace amounts of zinc and managanese. A coprecipitate of ammonium tetraphenylborate (ATPB)-naphthalene loaded in a sintered plastic syringe-type cartridge has been used for the preconcentration of Mn and Zn from a large volume of their aqueous samples. The reagent 2-(2-pyridylazo)-5-diethylaminophenol (PADAP) has been used as a precolumn reagent, since it does not react with alkali metals even at their higher concentrations. Preconcentrated metal ions have been stripped using inorganic acid (HCl) and quantified by differential pulse polarography. NaBH4 in NH4OH is preferred as a source of hydrogen for removing dissolved oxygen quickly from solution on mixing. There is no need for additional supporting electrolyte because a sufficient amount of NH4Cl-NH4OH is generated in the de-oxygenation process itself. Various parameters have been evaluated. The procedure developed has been successfully applied for estimating trace amounts of Zn and Mn in environmental waste liquid and solid samples, commercial sodium salts and mineral water samples.
Experimental

Instruments
Polarograms were recorded with a three-electrode Elico (Model CL-90) pulse polarographic analyzer outfitted with an X-Y recorder (Model LR-108). An Elico pH meter (Model LI-612 with combined glass-calomel was used for pH measurements. All glassware was washed with nitric acid (1+1) before use. A pump was used to adjust the flow rate. Atomic absorption measurements were made using an atomic absorption spectrometer (Varian spectra AA220).
Reagents
All reagents used were of analytical grade. Stock solutions of 1000 ppm of Zn(II) and Mn(II) ion solutions were prepared by dissolving appropriate amounts of their salts in distilled water [Zn(SO4)2·7H2O: 4.3964 g and Mn(SO4)2·H2O: 4.059 g to 1000 ml with water in calibrated flasks, individually]. These solutions were standardized by known methods. 16 Naphthalene and sodium tetraphenylborate (NaTPB) were tested polarographically before use. A 0.04% (w/v) solution of PADAP (Dojindo, Japan) was prepared in methanol. A 2% solution of NaBH4 (Unichem Ltd.) was prepared in 5 M NH4OH solution. Fresh NaBH4 solution was prepared daily. Buffer solutions of pH 3 -6, 6 -8, 8 -11 were prepared by mixing appropriate ratios of 0.5 M acetic acid/0.5 M sodium acetate, 0.1 M sodium dihydrogenphosphate/0.1 M disodium hydrogenphosphate solution and 1.0 M sodium tetraborate/0.1 M sodium hydroxide solutions.
Doubly distilled water was used throughout the present work.
Preparation of ATPB-naphthalene adsorbent
A solution of naphthalene was prepared by dissolving 20 g naphthalene in 35 ml acetone on a magnetic hot plate stirrer at ∼40˚C. The naphthalene solution was added in a slow stream with continuous stirring into a beaker containing 1.5 L of doubly distilled water, which was conditioned to pH ∼9.5 by adding 50 ml of 1 M ammonium acetate and 150 ml of 1 M ammonia solution. Then, to this solution, 500 ml of an aqueous solution containing 3.4 g of sodium tetraphenylborate were added. The solution was stirred for about 2 h on a magnetic stirrer. The supernatant solution was decanted off and the remaining coprecipitate of ATPB-naphthalene solid mass was washed twice with doubly distilled water and stored in a brown bottle in a form of slurry for subsequent use.
General procedure
A plastic cartridge with a sintered disc (i.d. 10 mm, length 100 mm) was loaded with ∼1.5 g of adsorbent suspended in water. With the help of a flat glass rod, the adsorbent was pushed down slightly. The flow rate was adjusted to ∼10 ml/min using a pump. The column was pretreated with 10 ml of 0.1 M HCl and 30 ml of water successively. In a separate beaker, 1.5 -60.0 µg of Zn and/or 3.0 -75.0 µg of Mn in ∼30 ml of water was taken. A 2-ml each of buffer solution of pH 9.5 and PADAP solutions were added to it. This solution was then passed through the column at a flow rate of 10 ml/min. The column was washed with 8 -10 ml of water. The retained metal ions were eluted with 8 ml of 1 M HCl at a flow rate of ∼2 ml/min. A 2-ml portion of 2% NaBH4 (in 5 M NH4OH) solution was added slowly with intermittent swirling of a beaker containing the metal ions. This solution was then transferred to the polarographic cell and the differential pulse polarogram was run at a scan rate of 12 mV/s, drop time of 0.5 s and pulse amplitude of 50 mV.
Results and Discussion
Retention characteristics of ATPB-naphthalene adsorbent
Tetraphenylborate anion has been used as a counter ion in the extraction and adsorption of some cationic metal chelates into molten naphthalene 17 and microcrystalline naphthalene 9 techniques, respectively. It forms a weak ion pair with NH4 + ion in aqueous solution and coprecipitates along with microcrystalline naphthalene when the pH of the solution is above 8.5. This coprecipitate has been used as an adsorbent for the enrichment of various cationic complexes. 18, 19 In the present study, it was observed that this material can also partially enrich water-insoluble neutral complexes such as Zn(PADAP)2 and Mn(PAPAD)2. Tetraphenylborate plays a vital role in retaining the reagent in the column, itself. In the presence of HCl (stripping reagent for metals after preconcentration), PADAP becomes protonated. 20 The resultant bulky onium derivative of PADAP forms an instantaneous water-insoluble ion pair with TPB -, which is indicated by pink color formation, and retained in the column, itself. As a result, the metal ion is alone stripped out from the column.
Reaction conditions
The reaction conditions were established by taking 10 µg each 1272 ANALYTICAL SCIENCES DECEMBER 2000, VOL. 16 of Zn and Mn. For convenience, the total volume of the aqueous solution was kept at ∼30 ml. The effect of each parameter on the retention of Zn and Mn was studied one at a time by keeping the other parameters constant. The quantitative retention of Zn and Mn was achieved from 0.4 -3.5 ml of 0.04% of PADAP. Thus, a 2-ml was chosen in the subsequent studies. The retention of Zn and Mn was maximum and constant in the pH range 7.5 -11.0 and 9.0 -11.5, respectively. The results of a pH study are presented in Fig. 1 . Therefore, a pH of 9.5 was chosen. It was noticed that the volume of buffer did not have any significant effect between the range studied (1.0 -6.0 ml); hence a 2-ml was used. Using a pump, the flow rate was varied. The retention of Mn and Zn was constant in the ranges 1 -14 ml/min and 1 -16 ml/min, respectively. Therefore, ∼10 ml/min was maintained for a subsequent analysis. The enrichment factor of Zn and Mn was studied by spiking a known volume of distilled water with metal ions. As can be seen in Table 1 , enrichment factors of 50 and 75 were obtained for Zn and Mn, respectively. It was also found that quantitative recovery could be achieved for one in the presence of a 20-fold excess of the other. After preconcentration, the Mn and Zn-PADAP complexes were stripped with hydrochloric acid at different concentrations. The differential pulse polarographic peak current was found to be constant in the concentration range 0.25 -4.0 M HCl. Therefore, 1.0 M HCl was used for subsequent studies. At higher stripping flow rates (∼10 ml/min), a very small amount of reagent was also eluted. To avoid this, a ∼2 ml/min stripping flow rate was maintained (This excess reagent may be decomposed by adding 0.5 ml of 0.1% H2O2 and heating the solution to near dryness. Then, the residue may be redissolved with 8 ml of 1 M HCl.).
Removal of dissolved oxygen
Preliminary observation indicated that NaBH4 in 5 M NH4OH was quite efficient in the removal of dissolved oxygen from an acidic solution of metal ions within one min. A 2-ml portion of 2% NaBH4 was added slowly into the eluted metal-ion solution with continuous swirling. Once the bubbles were seized (∼60 s), polarogram was run. In this way, time and wastage of nitrogen gas were saved. Another advantage of using NaBH4 in NH4OH was that it generated the required supporting electrolyte NH4Cl-NH4OH, in situ.
Loading capacity of the adsorbent
The loading capacity of the adsorbent was determined by the column break-through method. An aqueous solution at pH 9.5 containing different volumes of 50 µg/ml of metal ion (Zn or Mn) and 5 ml of 0.1% PADAP solution was passed through a column containing a known amount of sorbent at a flow rate of 10 ml/min until the column was saturated with the metal ion.
The column was washed with 20 ml of distilled water at the end. Then, the retained metal ion was eluted and determined by the general procedure. The retention capacity was found to be 160 µg of Zn, and 250 µg of Mn per gram of ATPBnaphthalene adsorbent.
Supporting electrolyte
The NH4OH/NH4Cl mixture was preferred as supporting electrolyte, since this medium gave a higher peak current than KCl. A well-defined polarogram was obtained only when the pH of the solution was raised to more than 7.0. The pH of the supporting electrolyte (NH4Cl/NH4OH) was studied. The peak current was constant and maximum in the range 7.5 -10.0 for Zn and 8 -10 for Mn. However, the peak potential became more negative as the pH was raised (from -1.0 to -1.35 V for Zn and from -1.5 to -1.65 V for Mn). An optimum pH of ∼8.6 was maintained by adding 2 ml of NaBH4 in 5 M NH4OH to 8 ml of 1 M HCl.
Effect of diverse anions and cations
Among the anions/salts studied, many could be tolerated up to mg level, except EDTA. Table 2 lists the tolerable amount of anions/salts and diverse cations for each of the metal ions studied, respectively. The tolerance limit was set as the amount required to cause an error of ±3% in the determination of the metal ion. Al 3+ and Zr 4+ were tolerated up to mg level when sodium fluoride was added as masking reagent. Interference due to Cu 2+ was removed by adding thiosulfate.
Low amounts of Fe 2+ and Fe 3+ could be masked with triethanolamine. At moderate concentrations, it interfered with the determination of Zn and Mn. Therefore, a 10 -20 mg of hydroxylamine-hydrochloride was added to the eluate, and the final solution was heated for a few minutes. Iron should be separated by pre-extraction when the sample matrix contains a large amount of it. 
Linearity, detection limit and precision
Calibration curves were prepared according to a general procedure under the optimized conditions developed. Linearity was maintained in the concentration range, Zn (1.5 -60.0) and Mn (3.0 -75.0)µg/10 ml of the final solution (supporting electrolyte) with a correlation coefficient of 0.9998 and 0.9989, respectively. The detection limits were 300 ng for Zn and 500 ng for Mn in the final 10 ml solution (signal-to-noise ratio is 3). Seven replicates of individual determinations of 10 µg of Zn and Mn gave relative standard deviations of 0.8% and 1.2%, respectively. A typical differential pulse polarogram is shown in Fig. 2 .
Method validation
The accuracy, precision and applicability of the method developed was validated by analyzing certified reference materials, such as human hair, tea leaves and chlorella. A known amount of CRM was taken and its solution was prepared as described in the literature. [19] [20] [21] The results obtained from the developed method and certified values are given in Table 3 .
Application to commercial sodium salts
The proposed method was applied to determine Zn and Mn in commercial inorganic sodium salts. A known amount of sodium sulfite, sodium acetate trihydrate and sodium persulfate salts were dissolved in 50 -100 ml of water, individually and the general concentration procedure was followed. The effluent was colorless since the metal-PADAP complexes and the excess reagent were retained in the column, itself. Since most of the heavy metals such as Pb, Cd, Fe, Ni, Zn and Mn also form complex at pH 9.5 with PADAP, they are also retained in the column, itself. Therefore, the present method could also be used as an alternative and economical method for the purification of commercial-grade alkali salts (Table 4) .
Application to tap water, commercial mineral water and human hair samples
A 100 -200 ml of water sample was taken as such and the general procedure was followed. The human-hair samples were collected from our research group colleagues. The sample 1274 ANALYTICAL SCIENCES DECEMBER 2000, VOL. 16 solutions were prepared by a procedure proposed by the international atomic energy agency. 22 Table 5 shows that the values obtained by the proposed method are in good agreement with the results of standard method of analysis.
Application to environmental waste solid samples
The proposed method was also applied to fly-ash sample collected near Indraprastha Power House, New Delhi and Yamuna river sediment collected near Wazirpur waste disposal point. These were dried in an oven at 200˚C for 2 h. The metal ion in the sediments was brought into solution by digesting the sample with 20% HNO3. Later, the solution was filtered and made up to a known volume. An aliquot of the solution was taken and the general procedure was followed. The results obtained with the present method were found to be in good agreement with those obtained by direct AAS method. The results are presented in Table 5 .
